By studying changes in the clonal composition of HIV-1 populations during the first weeks of zidovudine (ZDV) treatment before the development of ZDV resistance-conferring mutations, we demonstrated previously a selective inhibition of nonsyncytium-inducing (NSI) HIV-1, even when present as coexisting population in individuals also harboring syncytium-inducing (SI) HIV-1. In this study, we observed the opposite in individuals receiving didanosine (ddI) treatment. In these individuals ( n ϭ 7) a median Ϫ 0.98 log change (range Ϫ 1.55-0.08) in infectious cellular SI load was observed, whereas the coexisting NSI load was only minimally affected (median Ϫ 0.15 log, range Ϫ 1.27-0.50; P ϭ 0.03). The virus phenotype-dependent treatment responses were independent of the clonal composition of HIV-1 populations at baseline. Individuals treated with a combination of ZDV and ddI revealed an equal decline of both NSI and SI infectious cellular load ( n ϭ 4; NSI: median Ϫ 1.55 log, range Ϫ 2.19 to Ϫ 1.45; SI: median Ϫ 1.47 log, range Ϫ 1.81 to Ϫ 0.86; P ϭ 0.56).
Introduction
The biological properties of the HIV-1, such as replication rate, cell tropism, and cytopathicity, can vary in the course of HIV-1 infection (1) (2) (3) (4) . In the early asymptomatic phase preferentially macrophage-tropic, nonsyncytium-inducing (NSI) 1 variants predominate, whereas in the course of the infection more T cell tropic variants appear, in 50% of cases associated with the emergence of syncytium-inducing (SI) variants (5) (6) (7) (8) . Recently, it has been shown that HIV-1 tropism is mainly determined by second receptor usage. Macrophagetropic NSI variants use the ␤ chemokine receptor-5 (CCR5), T cell line tropic SI variants use the ␣ chemokine receptor-4 (CXCR4), and primary SI variants can use both (9) (10) (11) (12) (13) (14) (15) (16) . Based on chemokine responsiveness of PBMC, CXCR4 is thought to be expressed abundantly, while CCR5 expression on PBMC is low (17, 18) . This fits with the previously found broader T cell host range of SI variants (19) . In the natural course of HIV-1 infection, the emergence of SI variants has been shown to correlate with both accelerated CD4 ϩ T cell decline and accelerated disease progression (20) (21) (22) (23) . The same has been found during treatment (24) (25) (26) (27) (28) . Moreover, individuals harboring only NSI HIV-1 variants were shown to benefit more from treatment with zidovudine (ZDV) than individuals also harboring SI variants (26) . Using a limiting dilution culture protocol, we demonstrated previously that this differential benefit of ZDV correlates well with a differential response to therapy of cellular SI and NSI HIV-1 load, which could not be explained by differences in the rate of resistance development between both variants (29).
In contrast with ZDV, didanosine (ddI) monotherapy has been reported to result in the loss of SI variants (30, 31) . In addition, despite its capacity to pass the blood-brain barrier (32) , ddI does not have the pronounced and long lasting effect on reversing AIDS dementia in adults as observed for ZDV (33, 34) , which suggests different targets for the two drugs. Indeed, in vitro, ZDV and ddI have been shown to work synergistically, and several large clinical trials, together representing HIV-1-infected individuals in different stages of HIV-1 infection with a broad range of CD4 ϩ T cell numbers, have shown the increased clinical benefit of combined ZDV and ddI (35) (36) (37) (38) . To further investigate this viral phenotype-dependent response to nucleoside analog treatment, we studied treatment responses in serum and in infectious cellular virus loads during ZDV or ddI monotherapy or ZDV/ddI combination therapy. For comparison, the clonal composition of virus populations during treatment with the protease inhibitor ritonavir was studied.
Methods
Study population. 10 antiretroviral treatment-naive asymptomatic HIV-1-infected individuals attending the Municipal Health Service as part of the Amsterdam Cohort Studies on HIV and AIDS in homosexual men, participated in a previously described ZDV dose-efficacy study (24, 29, 39 ) that started in 1987 (dose 1000 mg daily). 4 of these 10 individuals also received aciclovir prophylaxis as part of this study (ACH numbers 0105, 0232, 0316, and 0346). Written informed consent was obtained from all participants in the Amsterdam Cohort Studies of HIV infection and AIDS. In the conduct of clinical research human experimentation guidelines of the authors' institutions were followed.
Seven HIV-1-infected individuals attending the Academic Medical Centre participated in a previously described international study on the effects of two doses of ddI (40) that started in 1990. These seven individuals were previously treated with ZDV (26, 39) , but stopped therapy because of adverse events. After a washout period of at least 4 wk they started with ddI (dose 200-400 mg daily). Six of these seven individuals received cotrimoxazol, pentamidine, ketocoxazol, and/or aciclovir as prophylaxis. Two were diagnosed with AIDS on the basis of Pneumocystis carinii pneumonia before start of treatment (ACH numbers 8308 and 0053).
Four antiretroviral treatment-naive HIV-1-infected individuals attending the Academic Medical Centre were treated with a combination of ZDV and ddI within two previously described trials (35, 36) that started in 1991 and 1993 (dose 600 mg ZDV daily and 200-400 mg ddI daily). One of these four individuals (d271) was diagnosed with AIDS based on Pneumocystis carinii pneumonia and received cotrimoxazol before the start of the study.
Four protease-inhibitor treatment-naive HIV-1-infected individuals participated in two trials on the efficacy of ritonavir (41) that started in 1994 and 1995 (dose 900-1200 mg daily). One of these four individuals (id235) had received ZDV and cotrimoxazol for 9 mo, but stopped taking ZDV 1 mo before starting ritonavir.
To be able to compare the treatment effects in our different study groups, subjects were selected from the latter three studies for the presence or absence at baseline of SI variants in bulk coculture, on the basis of baseline CD4 counts (between 50 and 300 cells/ l), and on the availability of cryopreserved patient PBMC samples at baseline and at appropriate time points after start of treatment (1, 3, and 6 mo). We analyzed CD4 ϩ T cell numbers, serum HIV RNA load, and cellular infectious load at baseline between the four treatment groups, both for those individuals harboring only NSI variants and for those harboring both SI and NSI variants (Table I and II). Baseline CD4 ϩ T cell numbers invariably were higher in individuals harboring only NSI variants. However, only the ZDV-treated individuals had higher baseline CD4 ϩ T cell numbers. Neither the clonal composition at baseline nor the absolute infectious cellular load differed significantly between any of the study groups.
Virological assays. From all 25 individuals, cryopreserved PBMC and serum samples obtained from sequential time points, from 2 mo before up to 1 yr after initiation of treatment, were analyzed.
Determination of the proportion of productively infected cells and isolation of biological virus clones was performed using a previously described limiting dilution culture system (5, 29, 42) . Briefly, patient PBMC (2,500-40,000 cells per well, 24-96 replicates per cell concentration) were cocultivated in 96-well plates, with 10 5 3-d phytohemagglutinin (PHA)-stimulated fresh PBMC from healthy blood donor volunteers. Every week for 5 wk, 65 l of culture supernatants were collected for detection of p24 antigen by an in-house p24 capture ELISA. At the same time, half of the cells were transferred to new 96-well plates and 10 5 fresh PHA-stimulated healthy donor PBMC were added to propagate the culture. SI capacity of the virus clones was determined by cocultivation of the remaining cells with MT-2 cells (20) . The proportion (F) of infected cells was determined according to the formula for Poisson distribution: F ϭ Ϫ ln(F 0 ), in which F 0 is the fraction of negative cultures. Since CD4 ϩ T cells have been shown to be the most important target for HIV-1 in the peripheral blood (43) , virus load is expressed as the tissue culture infectious dose (TCID) per 10 6 CD4 ϩ T cells. Serum HIV-1 RNA levels were determined using reverse transcriptase (RT)-PCR (Amplicor HIV-1 monitor assay; Roche Molecular Systems, Branchburg, NJ) (44) in two subjects on combined ZDV/ ddI treatment and in the four subjects on ritonavir treatment or nu- RNA load and SI and NSI infectious cellular load between the four different treatment groups.
Results

Changes in CD4
ϩ T cell numbers, serum HIV-1 RNA load, and infectious cellular load during nucleoside analog treatment. The ZDV-treated group showed the largest response in For the majority of treated individuals, the maximal response to treatment in infectious cellular load was observed before the 3 mo time point. Fig. 1 a depicts Changes in infectious cellular SI and NSI virus load during nucleoside analog treatment. As we observed previously that the coexisting SI and NSI populations responded differentially to ZDV treatment, we next analyzed changes in these virus populations during treatment with ddI alone or in combination with ZDV. Baseline levels of SI and/or NSI infectious cellular load and the percentages of SI variants present at baseline were not significantly different between any of the nucleoside analog treatment groups when comparing the individuals harboring only NSI variants or those harboring both SI and NSI variants (Table II) . Changes in the infectious cellular SI and NSI load for each subject in the three different nucleoside analog treatment groups are shown in Fig. 2 . Different responses in infectious cellular NSI and SI load were observed depending on the nucleoside analog treatment regimen. As reported previously (29), during ZDV treatment, a preferential inhibition of NSI variants was observed while the SI load was less affected. In individuals receiving ddI monotherapy, however, the opposite phenomenon was observed: SI virus load showed a substantial decrease, while NSI virus load remained mostly unchanged. In individuals on ZDV/ddI combination therapy, SI and NSI virus load were equally affected and their responses to treatment showed similar kinetics.
Within the different treatment groups, responses in NSI load were comparable between individuals, i.e., NSI load declined in all individuals under ZDV treatment and under ZDV/ ddI combination treatment, and was not affected during ddI treatment. Moreover, the changes in SI load followed the same patterns for the different individuals within a treatment group, i.e., SI load declined during ddI and ZDV/ddI combination treatment, and was less affected during ZDV treatment. This prompted us to combine the data on cellular SI and NSI HIV-1 load from all individuals for each different treatment group to perform statistical analysis. Maximum responses in SI and NSI infectious cellular load observed within the first 6 mo after initiation of treatment are shown in Fig. 1, b and P ϭ 0.56). For both phenotypic groups the combination therapy seemed to have additional inhibitory effect.
Changes in infectious cellular SI and NSI virus load during protease inhibitor therapy. Nucleoside analogs are prodrugs that require intracellular phosphorylation for their activity. We hypothesized that differences in prodrug activation in combination with the differential T cell tropism of SI and NSI HIV-1, may underlie the observed differences in response to nucleoside analog therapy. Therefore, we wanted to analyze changes in SI and NSI virus populations during treatment with a compound that does not need to be metabolized, such as HIV-1 protease inhibitors.
We analyzed treatment responses in four individuals, who were treated with the protease inhibitor ritonavir. Baseline characteristics of these subjects are shown in Tables I and II. An ‫ف‬ 2-log drop in virus load was observed in all individuals (serum RNA load: median Ϫ1.86 log [range Ϫ2.59 to Ϫ1.51]; infectious cellular load: median Ϫ2.61 log [range Ϫ3.14 to Ϫ2.16]), which in magnitude was similar to that observed in individuals on ZDV/ddI combination treatment. As shown in Figs. 1 and 3 , SI and NSI variants were affected equally by ritonavir treatment (NSI: median Ϫ2.37 log [range Ϫ2.59 to Ϫ2.16], SI: median Ϫ2.82 log (range Ϫ3.14 to Ϫ2.50) (P ϭ 0.25).
Discussion
Previously, we have reported a preferential inhibition of NSI variants by ZDV. The absence of an effect on SI variants could not be explained fully by the emergence of resistance conferring mutations in the reverse transcriptase gene (29). Others have since shown that ddI treatment results in a loss of SI variants in bulk cocultures (30, 31) . Moreover, results of several large clinical trials have now shown the increased clinical benefit of the combined treatment with ZDV and ddI (35) (36) (37) (38) . To further understand and elucidate this phenomenon we studied the clonal composition of HIV-1 populations in several additional subjects treated with either ddI alone or in combination with ZDV. In contrast with ZDV, ddI monotherapy resulted in a selective loss of SI variants. However, neither total cellular virus load, CD4 ϩ T cell numbers, nor serum RNA load were much affected, which combines well with the observations on the minor clinical benefit of ddI monotherapy in heavily-pretreated, late stage HIV-1-infected individuals such as the subjects in this and other studies (40, 47) . Combination therapy of ddI and ZDV resulted in a 1.5-2.5 log decline in both infectious cellular (both in NSI and SI load) and in serum HIV-1 load, again correlating with the in vivo clinical benefit observed in several large clinical trials (35) (36) (37) (38) .
Because of the retrospective nature of this study, the different treatment groups varied with respect to year of initiation of treatment, OI prophylaxis, and disease stage. The ZDV monotherapy group especially differed at baseline from the other two nucleoside analog treatment groups with respect to baseline CD4 ϩ T cell numbers and serum HIV-1 RNA load. In addition, all individuals receiving ddI monotherapy were ZDV experienced (median duration 13 mo [range 6-40 mo] and resistance mutations for ZDV might have influenced the ddI response [48] ). Although, because of these differences, a comparison of clinical effect of the different treatment regimens is not allowed, the consistent HIV-1 phenotype-dependent responses to treatment with ZDV and/or ddI suggest that the differences at baseline do not influence the virus phenotype dependent responses. Moreover, the fact that the percentage of SI variants present at baseline was comparable between all three nucleoside analog treatment groups further strengthens the notion that ZDV pretreatment of the ddI group did no longer influence the virus population by the time ddI treatment was initiated. Finally, when analyzing a group of individuals who started on ZDV monotherapy in 1993 similar results were obtained to the results obtained with the ZDV monotherapy group that started in 1987 (29).
In our previous study, we showed that the differences in the infectious cellular load responses of SI and NSI HIV-1 were not due to differences in the rate by which ZDV resistance mutations were acquired (29). Mutations conferring ddI resistance are generally not observed before 6 mo after initiation of monotherapy and phenotypic ddI resistance has rarely been demonstrated (35, 49, 50) . Moreover, no differences in ddI resistance development were found between individuals harboring only NSI variants and those also harboring SI variants despite differences in CD4 ϩ T cell response (27) . The differential declines in infectious cellular load already 12 wk after initiation of treatment may therefore be considered independent of resistance mutations. The rebound in virus load, however, might well be due to the emergence of drug resistant viruses.
The observed HIV-1 phenotype-specific activity of ZDV and ddI may be explained by the activation mechanism of nucleoside analogs (ddN). Like the activation of nucleosides, activation of ddN requires phosphorylation which is dependent on cellular kinases whose expression and activity are cell type specific (51) (52) (53) . ZDV and stavudine (d4T) are phosphorylated by kinases that are only active in activated cells. In contrast, the cellular kinases responsible for phosphorylation/activation of ddI, zalcitabine (ddC), and lamivudine (3TC) are potent in quiescent cells. From this latter group the cytidine analogs (ddC, 3TC), but not the purine analog ddI, are even more phosphorylated in activated cells (51) . The enhanced phosphorylation of ZDV in activated cells was shown to even overcome the increase in virus production induced by the activation, whereas ddI was not able to do so (53) . These results suggest that the anti-HIV-1 activity of ZDV is superior in activated cells, whereas ddI is more effective in resting cells (52, 53) .
Recently, the coreceptors for NSI and SI HIV-1 variants have been identified (9) (10) (11) (12) (13) (14) . While CXCR4 is widely expressed also on resting T lymphocytes, the expression of CCR5 is low on quiescent T cells and only significantly upregulated after stimulation (17, 18, 54) . Moreover, a largely reciprocal expression of CXCR4 and CCR5 among peripheral blood T cells has been reported (55) . CXCR4 is expressed predominantly on unactivated naive CD26 low CD45RA ϩ CD45R0 Ϫ T lymphocyte subset, while CCR5 is found on CD26 high CD45RA low CD45R0 ϩ T lymphocytes thought to represent activated/memory cells. Thus, as NSI and SI HIV-1 variants may have different cellular tropisms for activated/memory and resting/naive T cells, respectively, specific coreceptor expression coinciding with the presence of cellular kinases specific for phosphorylation of certain ddN, may contribute to the virus phenotypedependent effect of different ddN. We propose the following hypothetical model to explain the virus phenotype dependent efficacy of nucleoside analogs. In this model, ZDV is preferentially active in activated CCR5 expressing cells that can be infected by NSI HIV-1 variants, while ddI preferentially acts in quiescent CXCR4 expressing cells that support SI HIV-1 in-fection. The combination of ZDV and ddI then covers both cell types and thereby inhibits both phenotypic variants. Protease inhibitors, which do not require intracellular phosphorylation, are as active in quiescent as in activated cells (53) . In agreement with our model, we observed an equal inhibition of NSI and SI HIV-1 populations in individuals receiving the protease inhibitor ritonavir. Primary SI variants are capable to use both CCR5 and CXCR4 for entry (15, 16) . Indeed, ZDV, presumed to work preferentially in CCR5 expressing cells, also partially inhibits SI virus load. On the other hand, primary SI variants do not seem to escape ddI, presumed to work preferentially in CXCR4 expressing cells, by replicating in CCR5 expressing cells. Apparently, in these individuals, the SI variants are not able to compete with the NSI variants for these targets. This would be in agreement with the findings that NSI variants always remain present and significantly contribute to viral load even after the emergence of SI variants (42) .
Further evidence to support our model can be deduced from the effective treatment with ddI, thought to be active in naive cells, of HIV-1-infected children in whom naive cells are abundant (47) . The virus populations present in naive and memory cells in HIV-1-infected individuals and the tropism of NSI and SI HIV-1 variants for these cells are currently under study.
In conclusion, the potential for effective combination antiviral therapy might be enhanced if drugs from each of the two categories, the cell activation-dependent ddNs and the cell activation-independent ddNs, are included. It should be noted, however, that toxicity profiles, bioavailability in all tissue compartments, and resistance profiles also have to be considered as critical factors in designing effective combination chemotherapy.
